We report on a class of long-lived resonant states of doubly excited twoelectron atoms which exhibit distinct angular and radial electron correlation. 
I. INTRODUCTION
The non-separability of the three-body Coulomb problem becomes evident in the case of highly doubly-excited atoms or ions, where the electron-electron interaction is of comparable importance to the electron-ion interaction. The effect of inter-electron repulsion, i.e. electron correlation, typically leads to the breakdown of independent particle approaches and has focused interest on the search for approximate symmetries using collective coordinates of the three particles. Thus the structure and formation of highly correlated electronic states is of topical interest in spectroscopy [1, 2, 3, 4] and theoretical atomic physics [5, 6, 7, 8] .
Due to the intrinsic non-separability of the problem, there exists no global classification scheme which allows an overall description of the huge variety of doubly-excited states occurring. In this contribution we report on a novel class [9, 10] of strongly correlated electron states ( "Planetary Atom 11 states [11] ) which do not fit any of the known classification schemes proposed in the literature. The states are composed of a strongly polarized (inner) electron located along the axis connecting the nucleus and the outer electron which is dynamically localized near some fixed radial distance. Thus both electrons are located on the same side of the nucleus (in contrast to "symmetric" collinear configurations with both electrons on different sides of the nucleus which are associated with intra-shell resonances [7, 12] ). The resonance states have the following pronounced properties:
© 1992 American Institute of Physics (i) distinct angular and radial correlations,
(ii) no (bound) independent particle limit (nuclear charge Z = oo),
(Hi) quasi-separability of the wavefunctions in collective semiclassical and molecular coordinates, (iv) extremely small (particle-) decay widths.
These states exhibit their typical features for excitiations which would correspond to independent particle principal quantum numbers TV > 5 of the inner electron.
Thus the states belong to an energy regime which is characterized by a vast number of overlapping resonances and interacting Rydberg series.
In the following we apply classical, semiclassical and quantum mechanical (approximate adiabatic and large-scale ab initio) methods to investigate these states.
II. (SEMI-)CLASSICAL DYNAMICS
We first give a classical analysis of the relevant electron pair motion to get insight into the underlying dynamical properties.
The non-relativistic Hamiltonian of a two-electron atom (or ion) with charge Z and nuclear mass M = oo is given by (atomic units used)
r x and r 2 are the electron distances from the nucleus, and r 12 is the inter-electron distance.
We will focus on states with total angular momentum L=0. Then the motion is confined to a fixed plane in configuration space and the Hamiltonian reduces essentially to three (coupled) degrees of freedom.
Consider a collinear arrangement of a nucleus Z and of two electrons, both being on the same side of the nucleus. The fundamental periodic motion of such a configuration is a coherent oscillation of both electrons with the same frequency but, as it turns out, with large differences in their individual radial amplitudes and velocities as depicted in figure 1(a) for helium (Z-2)\ The outer electron appears to stay nearly frozen at some fixed radial distance. The localization of the outer electron is a pure dynamical effect due to electron correlation.
The significance of a periodic orbit for the corresponding quantized system depends essentially on the structure of the classical phase space in the vicinity of the orbit [13] . The periodic trajectory of figure 1(a) is linearly stable with respect to variations in the initial conditions. This is demonstrated in figure 1 (b), which shows the resulting regular motion of the electrons when they are initially in a slightly off-collinear arrangement. The inner electron then moves on perturbed
Kepler ellipses around the nucleus, while the outer electron remains trapped at large radial distances following the slow angular precession of the inner electron. A semiclassical treatment of the classical motion suggests the existence of a
Rydberg series of resonances converging to the three-particle breakup threshold [14] .
S 3C = 1.49150 is the (scaled) action of the periodic orbit of figure 1 for helium.
7i=0.46164 and 72=0.06765 are the classical winding numbers. The Rydberg series is characterized by three quantum numbers n, fc, / which are to be interpreted as nodal excitations along the orbit (n) and along the two directions perpendicular to the orbit, the bending degree of freedom (k) and the motion perpendicular to the orbit preserving collinearity (/). The semiclassical quantum numbers n, k and / reflect the approximate separability of the associated semiclassical wavefunctions in the local coordinates parallel and perpendicular to the periodic orbit.
III. ADIABATIC APPROXIMATION
A striking property of the classical periodic orbit of figure 1 is the large difference in the electronic velocities. This indicates that an adiabatic quantum mechanical treatment similar to the Born-Oppenheimer (BO) approximation in molecular physics should be applicable. We use the axis ri between the nucleus and the outer electron as adiabatic coordinate. A detailed description of our adiabatic method can be found in Ref. [10] .
As a first step the Schrodinger equation has to be solved for the inner electron in the field of the two fixed Coulomb centers with charges Z and -1 and distance R = 7*1. As is well known from molecular physics [15] this Schrodinger equation is separable in prolate spheroidal coordinates A,/i, which for our coordinates read has elliptical nodal surfaces with the nucleus and the outer electron as foci.
The function rj ntl (fi) possesses a corresponding hyperbolic nodal structure. The nodal quantum numbers n\ and n M are conserved for arbitrary parameter R. In the limit of large R (equivalent to the separated atom limit in molecular physics) the quantum numbers n\ and coincide with parabolic coordinate quantum numbers rii and n 2 [7] . The effect of the outer electron is then to produce an electric field which is nearly constant over the spatial range experienced by the For non-vanishing total angular momentum L the entire rotational energy of the three-body system leads to an additional raising of the adiabatic potential barrier and to a shift of the minima towards larger R. However, the overall structure is not affected.
Calculated energies for doubly excited states obtained within this single channel adiabatic approximation are compared with exact results in section V.
IV. AB INITIO CALCULATIONS
In this section we describe our numerical method to solve the Schrodinger equation for highly doubly-excited electron states. A full solution of this Schrodinger equation is a non-trivial problem. Here we use a transformation of the Schrodinger equation into perimetric coordinates [16, 17] . We obtain resonance positions and resonance widths within near-machine precision even for highly excited states [9] . This allows us to check very accurately the predictions of the classical, semiclassical and adiabatic approximations described in the previous sections.
Using perimetric coordinates defined asll6 f 17] x = n -f r 2 -r 12 ; y = r x -r 2 + r 12 ; z = -r x + r 2 + r 12 (5) the Hamiltonian (1) for L=0 reads (with (xi,x 2 ,:r3) defined as (x,y,z))
The P-p are polynomials of degree 3 and can be found, e.g., in Ref. [18] . We We use the method of complex rotation [19, 20] to calculate accurate positions and decay widths of the autoionizing two-electron resonances. To give an estimate of the energy region covered by our calculations we note that doubly excited intra-shell resonances with .'V ranging from 6 to 18 cover this energy region.
We diagonalize matrices up to dimensions of approximately 7000 to obtain an accuracy of the complex energies of at least 10 significant digits.
V. RESULTS
In There are in principal two mechanisms which lead to decay of the planetary configurations described in the preceding sections: radiative and non-radiative decay. We will focus on non-radiative particle decay, i.e. autoionization of the resonances. Since the classical motion corresponding to the quantum states is stable (see figure 1 ) they are classically bound. However, in analogy to the (semiclassical) penetration through a "static" potential barrier these states can autoionize semiclassically by "dynamical" tunneling [22] , but the decay widths for such processes decrease exponentially with the nodal excitation along the orbit [10] .
In table 1 we summarize the widths of the The resonant states possess extremely small widths which decrease exponentially with increasing excitation.
An alternative approach would be to look for similar configurations in other three-body systems. It is immediately obvious from the classical analysis that the dynamically localized outer electron can be replaced by heavy negatively charged particles (such as kaons K~ or antiprotons p) without changing inner electron dynamics essentially. Indeed, the present mechanism has been proposed as a trap for anti-particles [23] and unexpectedly long-lived states have been found experimentally in such systems recently [24] .
